Abstract-Prior studies have indicated that the b4 integrin promotes mammary tumor invasion and metastasis by combining with ErbB2 and amplifying its signaling capacity. However, the effector pathways and cellular functions by which the b4 integrin exerts these effects are incompletely understood. To examine if b4 signaling plays a role during mammary tumor cell adhesion to microvascular endothelium, we have examined ErbB2-transformed mammary tumor cells expressing either a wild-type (WT) or a signaling-defective form of b4 (1355T). We report that WT cells adhere to brain microvascular endothelium in vitro to a significantly larger extent as compared to 1355T cells. Interestingly, integrin b4 signaling does not exert a direct effect on adhesion to the endothelium or the underlying basement membrane. Rather, it enhances ErbB2-dependent expression of VEGF by tumor cells. VEGF in turn disrupts the tight and adherens junctions of endothelial monolayers, enabling the exposure of underlying basement membrane and increasing the adhesion of tumor cells to the intercellular junctions of endothelium. Inhibition of ErbB2 on tumor cells or the VEGFR-2 on endothelial cells suppresses mammary tumor cell adhesion to microvascular endothelium. Our results indicate that b4 signaling regulates VEGF expression by the mammary tumor cells thereby enhancing their adhesion to microvascular endothelium.
INTRODUCTION
Despite the widespread recognition of metastasis as a critical component in tumor malignancy, very little has been learned about the mechanisms governing two of the critical steps in tumor metastasis, tumor cell adhesion to the microvasculature, and extravasation into the stroma of the target organ. The integrins are a family of signaling and cell adhesion receptors, which attach cells to the extracellular matrix (ECM) and in some cases to other cells, and cooperate with growth factor and cytokine receptors to regulate cell behavior. 14, 33 Signals elicited by integrins enable tumor cells to survive, proliferate, and migrate independently of positional constrains, 14, 15, 18 but the specific contributions of integrins to the arrest and extravasation stages of metastasis are not well defined.
The a6b4 integrin (here referred to as the b4 integrin) is a laminin-5 receptor and was originally described as a ''tumor-specific'' protein, because of its apparent upregulation in multiple metastatic tumor types, including breast cancers. 13 The b4 integrin is unique among integrins, because the cytoplasmic portion of the b4 subunit is 1017 amino acid long and possesses distinctive adhesive and signaling functions. 13 Upon binding of the ectodomain of b4 to the basement membrane protein laminin-5, the cytoplasmic portion of b4 interacts with the keratin cytoskeleton to promote the assembly of hemidesmosomal adhesions. 23 In addition, b4 activates intracellular signaling autonomously as well as by associating with multiple receptor tyrosine kinases (RTKs), including the EGFR, ErbB2, Met, and Ron. 14, 16, 25 Mice carrying a knock-in mutation that deletes the C-terminal portion of b4, including all major tyrosine phosphorylation sites, do not display skin fragility or other adhesion deficiencies, because the mutant integrin retains the ability of mediating the assembly of hemidesmosomes. However, they exhibit defective wound healing and fail to support effective tumor angiogenesis, suggesting that b4 signaling regulates wound repair and the invasive phase of angiogenesis. 16, 27, 39 The gene encoding the RTK ErbB2 (HER2) is amplified in 25-30% of breast cancers. 35 To examine the role of integrin b4 signaling in ErbB2-mediated mammary tumorigenesis, we have previously introduced a targeted deletion of the b4 signaling domain in MMTV-Neu mice. 16 MMTV-Neu mice carry an activated form of ErbB2 driven by a mouse mammary tumor virus (MMTV) promoter and develop mammary tumors 26 characterized by a gene-expression signature similar to that of human tumors carrying amplification of the HER2 locus. 3 Deletion of the b4 signaling domain delayed mammary tumor onset and inhibited primary tumor growth. The tumors arising in mutant mice were significantly more differentiated histologically as compared to control tumors. In addition, primary tumor cells expressing signalingdefective b4 displayed a reduced proliferative rate and invasive ability and underwent apoptosis when deprived of matrix adhesion. Finally, upon injection in the tail vein of nude mice, the mammary tumor cells expressing mutant b4 exhibited reduced ability to metastasize to the lung. 16 We did not, however, examine the mechanisms by which integrin b4 signaling promotes metastasis.
The endothelial layer that separates the bloodstream from the interstitial matrix of metastatic target organs acts as a formidable barrier to the extravasation of tumor cells under normal conditions. 21 A reasonable model posits that tumor cell-intrinsic proclivities, such as high-level expression of cell adhesion receptors for endothelial ligands and local secretion of matrix-degrading enzymes, conspire with local deficiencies in the integrity of the microvasculature to enable a small percentage of circulating tumor cells to arrest and extravasate at metastatic sites. 7, 28, 38 Recently, it has been shown that ectopic administration of vascular endothelial growth factor (VEGF), which is secreted by many tumor cells, 32 enhances the adhesion and transmigration of human breast cancer MDA-MB-231 cells across a monolayer of human brain microvascular endothelial cells under a static condition in vitro. 21 In addition, VEGF enhances the adhesion of malignant MDA-MB-435 cells to intact rat mesenteric microvessels under flow in vivo. 11, 34 Although the role of integrin signaling in regulating VEGF expression has remained largely unexplored, Chung et al. 8 have proposed that the b4 integrin can enhance translation of the mRNA encoding VEGF, generating an autocrine loop that sustains their survival under stress.
Therefore, the objective of our study was to examine the role of b4 signaling in mammary tumor cell adhesion to microvascular endothelium, which is one of the critical steps during tumor metastasis. Using an in vitro cultured cell monolayer system, we quantified the adhesion of ErbB2-transformed mammary carcinoma cells expressing wild-type (WT) or signaling-defective b4 as well as their normal counterpart to brain microvascular endothelium (bEnd3). We also examined whether b4 signaling affects tumor cell adhesion to laminin-5, an ECM ligand of b4 integrin. Finally, because secretion of VEGF by tumors can enhance tumor cell adhesion, we examined whether integrin b4 signaling controls the expression of VEGF. Our results reveal that the b4 signaling cooperates with ErbB2 to induce tumor cells to secrete VEGF, which locally disrupts endothelial junctions and enhances exposure of underlying basement membrane to promote tumor cell adhesion to the intercellular junctions of microvascular endothelium.
MATERIALS AND METHODS

Solutions and Reagents
Mammalian Ringer solution with 10 mg/mL BSA (1% BSA) (Sigma, A4378) 11 was used in both the adhesion assay and permeability measurement. All the materials used in making the Ringer solutions were purchased from Sigma (ST. Louis, MO) as well as the FITC-labeled BSA (MW~67 kDa, A9771). PBS was from Mediatech Inc. (Manassas, VA). 4¢,6-Diamidino-2-phenylindole (DAPI) was from Invitrogen (Carlsbad, CA). Human recombinant VEGF165 and VEGF receptor (KDR/Flk-1) inhibitor, SU-1498, were obtained from Peprotech (Rocky Hill, NJ) and Alomone labs (Jerusalem, Israel), respectively. Iressa 25 was obtained from the Memorial Sloan-Kettering Cancer Center (MSKCC) Pharmacy. Both anti-human b4 (N-terminal) and anti-mouse b4 (C-terminal) antibodies were obtained from the Antibody Core Facility of MSKCC. Antibody against mouse integrin a6 subunit was from BD Pharmingen (San Diego, CA); monoclonal antibody against laminin-5 was from Santa Cruz Biotech (Santa Cruz, CA); rabbit antibodies against mouse ZO-1 and VE-cadherin were from Invitrogen (Carlsbad, CA). For hemidesmosome immunostaining, the monoclonal antibody 3E1 against the extracellular portion of b4 integrin 37 and the polyclonal antibody against the hemidesmosomal marker Bullous Pemphigiod Antigen 180 kDa (BPAG-1), were obtained from Millipore (Billerica, MA), as was laminin-5 for in vitro adhesion assays. The anti-b-actin antibody was from Sigma, and a non-specific antimouse IgG was from GenScript (Piscataway, NJ).
Cell Culture
The b4 wild-type (WT) and b4 signaling defect (1355T) ErbB2-transformed mammary carcinoma cells were obtained from the MSKCC. Generation of these transformed tumor cells has been described in Guo et al. 16 These cells were cultured in Dulbecco's modified eagle's medium/Nutrient mixture F-12 Ham (DMEM/F-12) supplemented with 10% fetal bovine serum, nonessential amino acids, 1 lg/mL hydrocortisone, 10 29 M choleratoxin, and 10 lg/mL insulin. The mouse normal mammary gland epithelial cells (NMuMG) and mouse brain microvascular endothelial cells (bEnd3) (ATCC, Manassas, VA) were cultured in DMEM/F-12 with 10% fetal bovine serum, 2 mM L-glutamine, 50 U/mL penicillin, and 50 lg/mL streptomycin. All the cells were fed with fresh medium every 2 days and maintained in 5% CO 2 at 37°C.
Western Blot
For determining the b4 integrin expression, WT, 1355T, and NMuMG cells were lysed in lysis buffer (0.1 M Tris at pH 8.0, 1% SDS, and 10% Glycerol) and were subjected to immunoblotting with anti-b4 and anti-b-actin antibodies.
VEGF ELISA
To determine the amount of VEGF secretion, 1 mL of WT, 1355T cells suspension (6 9 10 5 /mL) in 1% BSA was added into each well with confluent bEnd3 monolayer and incubated under 5% CO 2 , 37°C for 15 min, 1, 2, and 6 h for the co-culture adhesion. Same amount of WT or 1355T cells were placed into a blank well for the same periods for the mono-culture condition. One milliliter of 1% BSA was added to the bEnd3 monolayer as a sham control. At each time point, 900 lL of the culture medium from each well was collected, centrifuged, and 500 lL supernatant of each sample was collected and kept frozen until analysis. VEGF concentration of each sample was determined using mouse VEGF ELISA kit (Invitrogen, #KMG0111).
Iressa Treatment
WT or 1355T cells were seeded in each well at a density of 2 9 10 5 /mL, incubated at 37°C overnight, and in serum-free medium for 24 h. Then the cells were treated with 10 lM Iressa for 1, 6, and 12 h. After the treatment, the supernatant of each well was collected for the VEGF ELISA assay as described above, while the cells were immediately transferred for the quantitative RT-PCR.
Quantitative RT-PCR
A standard GAPDH based quantitative RT-PCR protocol was performed. Total RNA was extracted from both control and 10 lM Iressa treated WT and 1355T cells by using the RNeasy mini kit (Qiagen, CA). Samples of total RNA (0.5 lg) were reverse transcribed following instructions in the Superscript III first strand synthesis kit (Invitrogen). The mouse VEGF mRNA level was measured by the AB 7500 Real-Time PCR system (Applied Biosystems, CA). For each cell type or treatment, the amplification was conducted in a 10-lL of total volume containing 30 ng cDNA templates, 5 lL of 29 TaqMan Universal PCR Master Mix (Applied Biosystems, CA) and 0.5 lL of 209 mouse VEGF-c gene expression probe or GAPDH probe (assay IDs: Mm01202432_m1 for mouse VEGF and Hs99999909_m1 for GAPDH) (Applied Biosystems). The data are presented as the mean ratio of VEGF mRNA to GAPDH mRNA (±SD) obtained from triplicate samples.
Solute Permeability Measurement
The immortalized mouse brain endothelial cell line, bEnd3, was used due to their rapid monolayer formation and consistent blood-brain barrier characteristics over repeated passages. 4, 22, 43 The bEnd3 cells (66,000 per filter) were plated onto fibronectin (30 lg/mL) coated transwell filter (pore diameter 0.4 lm, Corning, NY) and grown in DMEM/F-12 supplemented with 10% fetal bovine serum and 2 mM L-glutamine for approximately 4 days until confluent. After removal of culture medium and wash with PBS, 500 lL of 8 lM FITC-BSA in Ringer solution was added to the upper chamber of the transwell. Every 10 min for 2 h, 50 lL of sample solution was collected from the bottom chamber of the transwell and then refilled with 50 lL of the BSA-Ringer solution. The fluorescence tracer concentration in the samples was determined by Bio-Tek Synergy HT plate reader (Winooski, VT), with excitation and emission wavelengths set to 485 and 535 nm, respectively. The permeability of bEnd3 monolayer to BSA, P BSA , was calculated as follows:
where DC/Dt is the increase in the fluorescence concentration in the bottom chamber during the time interval Dt, C 0 is the fluorescence concentration in the upper chamber (assumed to be constant during the experiment), V is the volume of the bottom chamber, and A is the surface area of the filter. In the case of VEGF treatment, 1 nM VEGF was present in both chambers, and also in the refilling solution; in the case of inhibiting VEGF receptor (KDR/Flk-1), the monolayers were pre-treated with 50 lM SU-1498 for 30 min before permeability measurement.
In Vitro Adhesion Assay
Tumor Cell Adhesion to Endothelial Cells
Mouse mammary epithelial normal (NMuMG) or tumor cells (WT and 1355T) were labeled using 1.0 lg/mL Calcein AM in serum-free medium for 20-30 min, trypsinized, washed with 1% BSA-Ringer solution, and filtered using 40 lm cell strainer. After the fluorescence labeling, there were >90% viable cells as determined by trypan blue exclusion. Then, each type of labeled cells (2 9 10 5 /mL) in 1% BSA-Ringer solution were placed onto the confluent bEnd3 monolayer in 24-well plates and incubated for 15 min, 1 and 2 h. After gently washing away the non-adherent cells, the bEnd3 monolayer with adherent cells were imaged using a Nikon Eclipse TE2000-S microscope with 209 (NA = 0.75) objective lens. Images were taken with a 12-bit CCD camera (Sensicam QE; Cooke, MI). Ten typical fields of 750 lm 9 560 lm for each cell type were analyzed, and the adhesion was determined as the number of adherent cells per 1 mm 2 surface area of the bEnd3 monolayer. For integrin blocking tests, the tumor cells were pretreated with 20 lg/mL of each corresponding antibody at 4°C for 1 h before adhesion assay; for the laminin-5 inhibition tests, the bEnd3 cell monolayers were pretreated with 20 lg/mL of laminin-5 antibody for 1 h before adhesion assay. In the case of VEGF treatment, 1 nM VEGF was present in both chambers and also in the refilling solution; to inhibit endothelial VEGF receptor (KDR/Flk-1), the monolayers were pre-treated with 50 lM SU-1498 for 30 min. To examine the effect of endogenously secreted VEGF on the adhesion of WT and 1355T tumor cells to bEnd3 monolayers, a higher cell density of 6 9 10 5 /mL was used.
Tumor Cell Adhesion to ECM Proteins 96-Well plates were pre-coated with laminin-5 at increasing concentration series (from 0.08 to 10 lg/mL) at 4°C overnight. 0.01% BSA was used as a control. WT or 1355T cells with viability >90% were plated at 50,000/well. After incubated at 37°C for 1 h, nonadherent cells were removed by a thorough wash with PBS. Adherent cells were fixed with 4% paraformaldehyde and 20% methanol, stained with 0.5% crystal Violet in 20% methanol for 5 min. After gently washed with PBS, dye in cells was extracted with 0.1 M sodium citrate in 50% ethanol/water. Optical density of each well was captured at 595 nm using Bio-Tek Synergy HT plate reader.
Immunostaining
Staining of the Endothelial Junction Proteins With and Without Adherent Tumor Cells
To determine the adhesion location of tumor cells to bEnd3, monolayers with adherent tumor cells were fixed with 1% paraformaldehyde, permeabilized with 0.2% Triton 100-X, blocked with 10% BSA in 0.1% Triton 100-X/PBS solution for 1 h, and incubated with primary rabbit polyclonal antibodies against ZO-1 or VE-cadherin in blocking solution (1:200) at 4°C overnight. After washed by PBS, the endothelial cell monolayers were incubated with Alexa Fluor 594 conjugated goat anti-rabbit IgG in blocking solution (1:500) for 1 h. The cell nuclei were stained with DAPI in PBS (1:10,000). To determine VEGF effect on the junction proteins, after VEGF treatment, monolayers were fixed, permeabilized, blocked, and ZO-1 and VE-cadherin were stained in the same way as above.
Staining of the Exposed Laminin-5 at the Luminal Surface of bEnd3 Monolayer
After confluent, monolayers were fixed with 4% paraformaldehyde, blocked with 10% BSA in PBS for 1 h, primary mouse monoclonal antibody against laminin-5 (10 lg/ml) was added to the luminal surface of the monolayer and incubated at 4°C overnight. After washed by PBS, the endothelial cell monolayers were incubated with Alexa Fluor 488 conjugated goat anti-rabbit IgG in blocking solution (1:200) for 1 h. Then the monolayers were permeabilized with 0.2% Triton 100-X, blocked with 10% BSA in 0.1% Triton 100-X/PBS solution for 1 h, and stained with ZO-1 (as above). The cell nuclei were staining with DAPI in PBS (1:10,000).
Staining of the Hemidesmosomal Components
Integrin b4 and BPAG-1 of tumor cells were co-stained to examine the formation of hemidesmosomes. WT and 1355T cells were placed on the plates pre-coated with 10 lg/mL laminin-5, 10 lg/mL fibronectin, or 0.01% BSA for 1 h. After washing away the non-adherent cells, the adherent cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% TritonX-100, blocked with 10% BSA, and then double stained using 10 lg/mL of anti-human b4 (3E1) at 4°C overnight followed by an FITC-conjugated goat anti-mouse IgG (1:200), and 1 lg/mL of BPAG-1 polyclonal antibody at 4°C overnight followed by TR-conjugated donkey anti-goat IgG (1:200).
Fluorescence and Confocal Microscopy
Localizations of immunolabeled junction proteins ZO-1 and VE-cadherin in the bEnd3 monolayers, exposed laminin-5 at the luminal surface of bEnd3 monolayers, and the distribution of adherent tumor cells on cell monolayers and on ECM proteins was performed using a Nikon Eclipse TE2000-E microscope with objective lens 209 (NA = 0.45) or 409 (NA = 0.6). Images were taken with a Photometrics Cascade 650 CCD camera from Roper Scientific (Tucson, AZ). To observe the detailed distribution of laminin-5 and ZO-1 at a tri-cellular junction, we used a Zeiss LSM 510 laser scanning confocal microscope with objective lens 1009 (NA = 1.3). The lasers were set as blue Ex/Em: 405/470-500 nm, green Ex/Em: 488/505-530 nm, and red Ex/Em: 560/615 nm. The image stacks were analyzed with the NIH IMAGE J program. Stacks of eight images were projected onto a single plane to obtain the final image, which has a thickness of 1.2 lm.
Analysis and Statistics
All data were presented as mean ± SD or otherwise specified. Data were analyzed for statistical significance using a student t test. v
2 test was used to analyze the statistical significance of the distribution in the adhesion location of tumor cells. Significance was assumed for probability levels p < 5%.
RESULTS
The b4 Integrin Promotes Mammary Tumor Cell Adhesion to Microvascular Endothelium
Since brain metastases develop in about 30% of breast cancer patients who relapse after adjuvant therapy, 30 we decided to model in vitro the tumor adhesion to brain microvascular endothelium. Primary mammary tumor cells derived from MMTV-Neu mice were infected with a lentivirus encoding a shRNA designed to silence the expression of endogenous mouse b4 and then reconstituted with expression vectors encoding either WT or signaling-defective human b4, as previously described. 16 The latter mutant, which is truncated at amino acid 1355 and is therefore denoted as 1355T, lacks all major tyrosine phosphorylation sites and is unable to amplify oncogenic ErbB2 signaling. 16 Immunoblotting with an antibody reacting preferentially with the N-terminal portion of human b4 demonstrated that the Neu-b4-WT (here referred to as WT) cells and the Neu-b4-1355T (here referred to as 1355T) cells express similar levels of recombinant WT or mutant b4, respectively (first row in Fig. 1 ). As anticipated 1355T displayed faster electrophoretic mobility as compared to WT. Reprobing of the same samples with antibodies to the evolutionarily conserved C-terminal segment of b4 indicated that the Neu-transformed cells express b4 at significantly higher levels as compared to Normal Murine Mammary Gland (NMuMG) epithelial cells (second row in Fig. 1 ). As predicted, this antibody did not react with 1355T, because this mutant lacks the corresponding epitope, but it detected a small amount of endogenous WT b4 that had escaped silencing in 1355T cells. These results indicate that we have generated Neu-transformed cells that over express similar levels of either WT or mutant b4.
To model the early phase of metastatic spread, we examined the ability of NMuMG, WT, and 1355T cells to adhere to a confluent monolayer of mouse brain microvascular endothelial cells (bEnd3) (Figs. 2a-2d ). Summary in Fig. 2d indicates that after 1 h adhesion, the amount of adherent WT and 1355T cells were 1.7-and 1.8-fold, respectively, of that of adherent NMuMG cells (n = 12, p < 0.01). There was no significant difference in WT and 1355T adhesion at this time point (n = 12, p = 0.59). These results suggest that the b4 integrin promotes adhesion to an intact brain microvascular endothelium in vitro, but they exclude a role for its signaling domain in this process.
The b4 integrin is a transmembrane protein, which mediates adhesion, and in some cells assembly of hemidesmosomal junctions in response to binding to the basement membrane component laminin-5. 13 To test if b4 Signaling Promotes Tumor Adhesion to Brain Endotheliumthe b4 integrin mediates mammary tumor cell adhesion to brain microvascular endothelium, we performed antibody perturbation experiments. Since antibodies that effectively suppress the adhesive function of the b4 integrin by binding to the ectodomain of the b4 subunit are not commercially available, we used the GoH3 monoclonal antibody, which recognizes the ectodomain of the a6 subunit and blocks the adhesive function of both a6b1 and a6b4 (here referred to as the b4 integrin). We reasoned that using an antibody that also blocks a6b1 would have not confounded the interpretation of the experiments because the WT and 1355T cells do not express a6b1 (data not shown). Figure 2d shows that anti-a6 significantly reduced the WT and 1355T adhesion by the same level, by~70% of their controls (n = 6, p < 0.001). Blocking laminin-5 impaired the WT adhesion by only 25%, and the 1355T adhesion by 15% (n = 6, p < 0.04), respectively, consistent with the hypothesis that the laminin-5 produced by endothelial cells is deposited in the basement membrane underneath the intact monolayer and is therefore inaccessible to the antibodies or the tumor cells unless exposed as a consequence of tumor action. In comparison, the normal NMuMG cell adhesion was not impaired by these antibodies (n = 6, p > 0.26). Results in Fig. 2d suggest that the b4 integrin mediates initial adhesion of mammary tumor cell to bEnd3 endothelium by binding to an unidentified counter-receptor on endothelial cells.
Deletion of the b4 Signaling Domain Does Not Reduce Adhesion to Laminin-5
Since laminin-5 is an ECM ligand of integrin b4, we performed the ligand-binding adhesion assay to examine the role of b4 signaling in tumor cell adhesion to laminin-5. 0.01% BSA/PBS was used as a control since laminin-5 was dissolved in 0.01% BSA/PBS solutions. Figure 3 shows that at concentrations higher than 0.16 lg/mL, both WT and 1355T cells adhere significantly more than the control (n = 5, p < 0.05). In contrast, for all the concentrations of laminin-5, there was no significant difference in WT and 1355T cell adhesion (n = 5, p > 0.07), indicating that deletion of the b4 signaling domain does not impair adhesion to laminin-5, but actually slightly increases this process at high concentrations of laminin-5. 
Deletion of the b4 Signaling Domain Does Not Affect
Assembly of Hemidesmosome-Like Adhesions on Laminin-5
Since prior studies have indicated that phosphorylation of the b4 signaling domain causes a destabilization of hemidesmosomes, 9, 23 we examined if the increased ability of 1355T cells to adhere to high concentrations of laminin-5 in vitro was due to increased formation of hemidesmosome-like adhesions by these cells. The major components of a hemidesmosome are a cytoplasmic protein bullous pemphigoid antigen-1 (BPAG-1), the transmembrane b4 integrin and laminin-5 at the ECM. 36, 37, 42 When b4 of the tumor cell binds to laminin-5, hemidesmosome is assembled, which is characterized by the co-localization of the cytoplasmic BPAG-1 and the transmembrane b4 of tumor cells. However, mammary tumor cells do not form large, easily detectable hemidesmosomes like keratinocytes in vivo, but small puncta. To study these puncta, we conducted quantitative co-localization experiments. Photomicrographs in Figs. 4a-4f demonstrate the double immunostaining of hemidesmosome components, b4 (green) and BPAG-1 (red) after 1 h WT and 1355T cell adhesion to 10 lg/mL of fibronectin (Figs. 4b1-3, e1-3 ) and laminin-5 (Figs. 4c1-3, f1-3) . A control group to 0.01% BSA is presented in Figs. 4a1-3 and d1-3, since both fibronectin and laminin-5 were dissolved in 0.01% BSA. The amount of hemidesmosome-like adhesions was represented by the pixel numbers per lm 2 that was double-labeled for both b4 and BPAG-1 (orange color in Figs. 4a3-c3, d3-f3) . The same level of b4 and BPAG-1 expression of WT and 1355T (Figs. 4g, 4h ) and the same level of co-localization of b4 and BPAG-1 (Fig. 4i) during their adhesion to laminin-5 suggest that b4 signaling does not interfere with the formation of hemidesmosome-like adhesions.
Integrin b4 Signaling Increases Secretion of VEGF
Since VEGF increases tumor cell adhesion to the endothelium both in vitro and in vivo, 21, 33 we used ELISA to monitor the ability of WT and 1355T cells to secrete VEGF over a 6-h time frame when plated alone (mono-culture) or in contact with the confluent bEnd3 monolayer (co-culture). Figure 5a demonstrates that under mono-culture conditions, significant VEGF secretion of WT and 1355T was observed after as short as 15 min incubation. After 15 min incubation, there was no difference in VEGF secretion between WT and 1355T (p > 0.2), while after 1 h or longer incubation, WT secreted 28-47% more VEGF than 1355T (p < 0.05) under mono-culture and 8-39% more under co-culture conditions (data not shown). In contrast, the VEGF secretion of bEnd3 monolayers was negligible even after 6 h. Additionally, the VEGF secretion rate of WT cells increased as a function of time, it was 3.6 pg/10 5 cells/h during 0.25-1 h, 6.9 and 13.4 pg/10 5 cells/h during 1-2 and 2-6 h, respectively. The VEGF secretion rate of 1355T cells also increased, but only about 70-85% of that of WT cells during the same time periods. A similar pattern of VEGF secretion was also observed during the co-culture with bEnd3 monolayers for both WT and 1355T cells (data not shown). These results suggest that b4 signaling controls secretion of VEGF by ErbB2-transformed mammary tumor cells.
VEGF Increases Mammary Tumor Cell Adhesion to Microvascular Endothelium
As shown above, VEGF secretion increases with incubation time. The resulting enhanced VEGF level may affect WT and 1355T cell adhesion to bEnd3 monolayers. Figure 5b shows that WT and 1355T adhesion increased sharply during 0.25-1 h at a rate of 200 cells/mm 2 /h. Subsequently, the adhesion rates declined to 78 cells/mm 2 /h for WT and 20 cells/mm 2 /h for 1355T during the following hour. Differences in adhesion between WT and 1355T were evident beginning at 2 h, and after 2 h, the adhesion of WT cells to the bEnd3 monolayer continued to rise, though at a slower rate, while 1355T appeared to plateau. The correlation between increased secretion of VEGF and increased adhesion to microvascular endothelium observed over the 6-h time frame is consistent with the FIGURE 3. WT and 1355T cell adhesion to laminin-5. WT and 1355T cells of the same passage were placed in the 96-well plate pre-coated with laminin-5 at the graded concentrations. After incubation for 1 h and removal of unattached cells, the adherent cells in each well were determined by the absorbance as described in the main text. The solid line indicates that there is a significant difference in WT adhesion to ECM proteins compared to the control group (0.01% BSA); the dashed line shows adhesion of 1355T. n 5 5 for each concentration. *p < 0.05 compared to the control (n 5 8).
FIGURE 4. Images of fluorescently labeled hemidesmosomal marker proteins, b4 integrin (green) and BPAG-1 (red), and the overlay of b4 and BPAG-1 (orange). WT (upper panel) and 1355T (lower panel) tumor cells were allowed to adhere to 10 lg/mL of fibronectin (b, e) and laminin-5 (c, f). Control group adhesion to 0.01% BSA is shown in panels a and d. The amount of b4 integrin and BPAG-1 in tumor cells was quantified based on the pixel numbers of the green-labeled area or the red-labeled area per lm 2 , respectively, and related to the total image area, in (g) and (h). The amounts of hemidesmosomes were quantified by the co-localization of b4 integrin and BPAG-1, the orange-labeled area, in (i). n 5 3, *p < 0.05, **p < 0.01.
hypothesis that the WT cells adhere better because they secrete VEGF at an increased rate as compared to that of 1355T cells.
We next examined if addition of 1 nM exogenous VEGF normalizes the ability of 1355T cells to adhere to microvascular endothelium in vitro. We chose 1 nM VEGF because (1) it represents the secretion level of tumor cells observed after prolonged incubation; (2) it may reflect a local VEGF level in microvasculature near a solid tumor; and (3) it was shown to be an optimal dose that significantly increased tumor cell adhesion and endothelial permeability both in vitro and in vivo.
21,34 Figure 6 shows WT and 1355T adhesion under control and under 1 nM VEGF treatment after 15 min, 1 and 2 h incubation. After 15 min incubation, there was no difference in adhesion under control and under VEGF treatment (p > 0.3), while there was a significant difference after 1 and 2 h incubation under control and under VEGF treatment for both WT (p < 0.05) and 1355T cells (p < 0.01). The same as under control and VEGF treatment, there was a sharp increase in WT and 1355T adhesion during 0.25-1 h and a continued increase from 1 to 2 h. However, the increase rate under VEGF was 1.6-fold that of under control for WT adhesion during both 0.25-1 and 1-2 h periods; it was 1.8-and 1.2-fold for 1355T adhesion, respectively. In 2 h, we did not observe any statistically significant difference in b4 Signaling Promotes Tumor Adhesion to Brain Endotheliumadhesion between WT and 1355T cells when the cells were plated in the presence of 1 nM VEGF or in the absence of VEGF at a tumor cell seeding density of 2 9 10 5 /mL. These results indicate that addition of exogenous VEGF normalizes the ability of 1355T cells to adhere to microvascular endothelium in vitro, in agreement with the hypothesis that the WT cells adhere more than the 1355T cells in the absence of exogenous VEGF because they secret larger amounts of VEGF, which is above a threshold if the tumor cell seeding density is larger or incubation time is longer (Fig. 5b) .
Pharmacological Inhibition of ErbB2 Suppresses Expression of VEGF mRNA and Reduces Secretion of VEGF by Mammary Tumor Cells
The WT and 1355T are HER2 (ErbB2)-overexpressing tumor cells. Previous studies have shown that the tyrosine kinase inhibitor Iressa inhibits not only EGFR but also ErbB2 activation and thereby suppresses the proliferation and invasion of ErbB2-overexpressing tumor cells. 16, 25 To examine the possibility that Iressa also inhibits WT and 1355T adhesion to bEnd3 endothelium by inhibiting VEGF secretion of WT and 1355T cells, we quantified the relative VEGF mRNA expression levels of WT and 1355T cells as well as their VEGF secretion under the treatment of Iressa. Figure 7a shows that after 1 h Iressa treatment, the VEGF mRNA level of the WT decreased to 49% of its control level; it further decreased to 22% of the control after 6 h and stayed the same after 12 h treatment. The control VEGF mRNA level of the 1355T was only 54% of that of the WT; this level declined to 30% of the control after 1 h Iressa treatment and stayed the same after 12 h. Accordingly, Fig. 7b demonstrates corresponding changes in VEGF secretion by WT cells in response to Iressa treatment. After 1, 6, and 12 h, Iressa decreased the VEGF secretion of WT cells to 50, 67, and 55% of untreated controls. Iressa also decreased the secretion rate to 45-75% of the control during these periods. In comparison, VEGF secretion of the 1355T was lower than that of the WT, about 39, 55, and 39% of that of the WT at 1, 6, and 12 h. Figure 7c shows that Iressa reduced VEGF secretion by 1355T cells to 36, 49, and 33% of control levels at these times. The secretion rate was also reduced by Iressa to 36-50% of the control from the beginning to 6 h, and almost no secretion increase was observed from 6 to 12 h under the Iressa treatment. Iressa effectively suppressed transcription of VEGF in both WT and 1355T cells, demonstrating that ErbB2 signaling is necessary for this process. Interestingly, however, Iressa did not completely suppress secretion of VEGF by the WT cells. Since prior studies have indicated that integrin b4 signaling controls translation of the VEGF mRNA, 8 we infer that the b4 integrin cooperates with ErbB2 to promote transcription of VEGF and promote translation of the mRNA autonomously, i.e., without collaborating with ErbB2. Due to the decrease in the VEGF secretion, after 1 h Iressa treatment, the adherent WT and 1355T cells to bEnd3 monolayers were only 70 and 60% of their controls, respectively (data not shown).
Pharmacological Inhibition of the Endothelial VEGF Receptor Coordinately Diminishes the VEGF-Induced Increase in Endothelial Permeability and Mammary
Tumor Cell Adhesion
As shown above, VEGF increases tumor cell adhesion to bEnd3 monolayers. To test whether VEGF exerts this effect by activating the endothelial VEGF receptor (VEGFR-2; KDR/Flk-1), we used SU-1498, a specific kinase inhibitor. We first measured the effects of VEGF and SU-1498 on bEnd3 monolayer permeability to BSA (MW~67 kDa, radius~3.5 nm). Figure 8a shows that VEGF significantly increased the bEnd3 monolayer permeability to BSA from a mean of 4.51 ± 0.75 to a mean of 6.19 ± 1.56 9 10 27 cm/s (n = 6, p = 0.045). While pretreatment with SU-1489 did not change the basal bEnd3 permeability, it did abolish the VEGF-enhanced permeability from 6.19 ± 1.56 to 4.53 ± 0.94 9 10 27 cm/s (n = 6, p = 0.96 compared to the control). Then we examined the in vitro adhesion of WT and 1355T tumor cells to bEnd3 endothelium under the treatment of VEGF and SU-1498. Figure 8b shows that after 1 h treatment, 1 nM VEGF significantly enhanced the WT adhesion by 47% (n = 6, p = 0.0004) and the 1355T adhesion by 40% (n = 6, p = 0.045), respectively, compared to their controls. Pretreatment of bEnd3 monolayers with SU-1498 completely abolished this increased adhesion by VEGF (n = 6, p > 0.7 compared to the controls).
These results indicate that VEGF promotes mammary tumor cell adhesion to microvascular endothelium by activating its cognate receptor tyrosine kinase on endothelial cells.
VEGF Increases Mammary Tumor Cell Adhesion at or Near Endothelial Cell Junctions
To examine if VEGF affects initial adhesion to the apical surface of endothelial cells or the subsequent accumulation at cell junctions, which may correlate with their disruption and the eventual transmigration, we monitored the localization of attaching cells over time by using immunofluorescent staining. We grouped the locations of the adherent tumor cells into three categories: at the joint of two cells, at the joint of three (or more) cells, and at the cell body. cells. Interestingly, after 1 h VEGF treatment, the total adherent WT cells increased to 93 ± 11, of which, only 5 adhered to bEnd3 cell bodies, but 29 to the junctions of two bEnd3 cells and 59 to the junctions of three bEnd3 cells. The results indicate that VEGF treatment for 1 h induced a slight decrease in the adherent WT cells to the bEnd3 cell bodies, but a significant increase in those to the bi-cellular (1.9-fold) and tri-cellular (2.3-fold) junctions. More interestingly, VEGF treatment for 2 h significantly decreased WT adhesion to bEnd3 cell bodies (50%) relative to controls and increased adhesion only to the tri-cellular junctions (1.4-fold) . Similar trends were observed for 1355T adhesion. Our results clearly show that VEGF increases tumor cell adhesion to the bEnd3 monolayer by increasing its adhesion to the intercellular junctions instead of cell bodies.
VEGF Disrupts the Integrity of Microvascular Endothelial Junctions
Since we had observed that activation of the VEGFR-2 on endothelial cells coordinately increases endothelial permeability and mammary tumor cell adhesion at or near endothelial intercellular junctions, we made the hypothesis that disruption of the integrity of the intercellular junctions would expose the underlying basement membrane leading to a further increase in adhesion. To test this hypothesis, we quantified the endothelial tight junction protein, Zonula occludens-1 (ZO-1), and adherens junction protein, vascular endothelial-cadherin (VE-cad) under control and under VEGF treatment. The relative amount of junction proteins was represented by the percentage of the cell border pixels having the intensity higher than the background intensity over the total pixel number of the cell border. To determine the background intensity, we first identified the cell border of bEnd3 cells by observing a sharp change in the fluorescence intensity of ZO-1/VE-cadherin staining (see Fig. 10a ). Then, we draw 6-7 cytoplasmic domains within the cell borders in a view field shown in Fig. 10a and obtained the average intensity per pixel of staining in these cytoplasmic domains. This average intensity per pixel was determined as the background intensity. Figure 10a shows the photomicrographs of immunostaining of ZO-1 (upper panel) and VECadherin (lower panel) of bEnd3 monolayers under control, and after 1 and 2 h VEGF treatments, respectively. Figure 10b shows that ZO-1 was reduced from a mean of 0.99 ± 0.01 to a mean of 0.84 ± 0.03 after 1 h VEGF treatment, and to a mean of 0.74 ± 0.03 after 2 h treatment (n = 6, p < 0.001), while VE-Cadherin was reduced from a mean of 0.98 ± 0.01 to a mean of 0.63 ± 0.05 after 1 h VEGF (a) (b) FIGURE 8 . Effects of VEGF and the endothelial VEGF receptor (KDR/Flk-1) inhibitor SU-1498 on (a) permeability of the bEnd3 monolayer to albumin (n 5 6) and (b) WT and 1355T tumor cell adhesion. Permeability and adhesion were measured after 1 h control and VEGF treatment. For inhibition by SU-1498, the bEnd3 monolayer was pretreated with SU-1498 for 30 min. In (b), 10 typical fields of 750 lm 3 560 lm per run for each cell type in n 5 6 runs were analyzed. *p 5 0.045, ***p < 0.001. treatment, and to a mean of 0.47 ± 0.10 after 2 h treatment (n = 6, p < 0.001). The VEGF-induced disruption of junction assembly of bEnd3 endothelium is consistent with the increase in BSA permeability and tumor cell adhesion to the intercellular junctions.
VEGF-Mediated Disruption of Endothelial Junctions Renders the Integrin b4 Ligand Laminin-5 Accessible to Mammary Tumor Cells
To test if the disruption of the integrity of bEnd3 intercellular junctions induced by VEGF leads to the exposure of laminin-5, the basement membrane ligand of the b4 integrin, we treated bEnd3 monolayers with or without VEGF and subjected them to immunofluorescent staining with antibodies to laminin-5. Upon confluent, bEnd3 monolayer shows significant amount of laminin-5 in its basement membrane as observed by confocal microscopy (data not shown) when immunostaining was carried out after first permeabilizing bEnd3 cells. To label the laminin-5 exposed at the luminal surface of the bEnd3 endothelium, we carried out the immunostaining without permeabilizing bEnd3 cells. The upper figure in Fig. 11a shows the laminin-5 (green) at the luminal surface of the bEnd3 monolayer, which was stained before permeabilizing the cells; the middle figure shows the junction protein ZO-1 (red) and cell nuclei (blue), which were stained after permeabilizing the cells; and the bottom figure shows the overlay of the upper and middle figures. The staining was carried out on cells not treated with VEGF (control shown in the left panel) and after 1 h (a) (b) FIGURE 10 . Typical fluorescent images showing the effects of VEGF on bEnd3 endothelial (a) the tight junction protein ZO-1 (upper panel) and the adherens junction protein VE-Cadherin (lower panel) under control (1% BSA) and after 1 and 2 h 1 nM VEGF treatment. (b) Junction proteins ZO-1 and VE-Cadherin were quantified by the percentage of cell border pixels having a staining intensity higher than the average intensity of the cell cytoplasm (the background) over the total cell border pixels. Ten typical fields of 120 lm 3 90 lm per run for n 5 6 runs were analyzed. **p < 0.01, ***p < 0.001. 1 nM VEGF treatment (shown in the right panel). Due to the resolution limitation of the optical microscope, it is almost impossible to see the exposed laminin-5 at the intercellular junctions under control conditions since the space at the intercellular junction was estimated to be 20-100 nm based on previous electron microscopy studies on HUVEC monolayers 5 and rat mesenteric microvessels. 2 In Fig. 11b , a higher resolution confocal microscopic image shows the distribution of laminin-5 at a tri-cellular junction of the bEnd3 monolayer (region pointed by the arrow) after 1 h VEGF treatment. Figure 11c demonstrates that 15 min VEGF treatment did not significantly increase laminin-5 exposure (p = 0.06), but 1 h treatment significantly increased laminin-5 exposure to 7.0-fold of that under control (p = 0.0004), 2 h treatment further increased it to 2.5-fold of that after 1 h treatment (p = 0.0001). Increased laminin-5 exposure at the luminal surface of bEnd3 monolayer allows more binding between laminin-5 and b4 of WT and 1355T and thus increases their adhesion to the intercellular junctions of bEnd3 monolayers.
DISCUSSION
The b4 integrin promotes mammary tumorigenesis and metastasis by combining with ErbB2 and amplifying its signaling capacity. Deletion of the b4 signaling domain uncouples b4 from ErbB2, suppressing activation of STAT3 and c-Jun and thereby preventing the disruption of epithelial adhesion and hyperproliferation associated with ErbB2-mediated transformation, and reducing metastasis in vivo. 16 To examine the mechanism by which integrin b4 signaling promotes metastatic spread, we have modeled the first phase (e.g., adhesion) of this process in vitro. Our results indicate that the b4 integrin plays sequential, unexpected roles in this process. First, it contributes to the initial adhesion of mammary tumor cells to microvascular endothelium by binding to an unidentified counter-receptor on the apical surface of endothelial cells, as demonstrated by the observation that antibodies blocking the ligand binding pocket of b4 suppress this process by~70%, whereas antibodies to laminin-5 only by~25% or less. Second, the b4 integrin enhances the capacity of oncogenic ErbB2 to drive secretion of VEGF, which acts upon the endothelial cells to cause a partial disruption of both tight and adherens junctions. Our results are consistent with others for the VEGF effect on endothelial junction proteins and tumor metastasis. 10, 12, 19, 40, 41 Third, the ensuing exposure the underlying basement membrane enables b4 to mediate adhesion to this structure by binding to laminin-5 prior to the initiation of localized proteolysis that is necessary for transmigration into tissue stroma.
We have used the same expression vector, and thus promoter, to reconstitute the expression of either WT or mutant b4 in ErbB2-transformed mammary tumor cells. Immunoblotting experiments indicated that this approach has led to similar levels of expression of the mature form of either WT or mutant b4, suggesting that targeted deletion of the b4 signaling domain does not affect the biosynthesis or transport of b4 to the cell surface (Fig. 1) . The b4 integrin promotes mammary tumor cell adhesion to brain microvascular endothelium (Fig. 2) . Deletion of the b4 signaling domain does not reduce tumor cell adhesion to its ECM ligand laminin-5 (Fig. 3) or affect the assembly of hemidesmosome-like puncta (Fig. 4) . Instead, b4 signaling enhances the ErbB2-dependent expression of VEGF by tumor cells to promote their adhesion to microvascular endothelium (Figs. 5, 6, 9) provided that the VEGF secretion reaches a threshold at which it is able to disrupt the junction proteins ( Fig. 10 ) and expose enough laminin-5 (Fig. 11) . Finally, we have shown that inhibition of ErbB2 on tumor cells or the VEGFR-2 on endothelial cells prevents mammary tumor cell adhesion to microvascular endothelium in vitro (Fig. 8) . These results suggest the possibility that the therapeutic efficacy of existing ErbB2-and VEGFR2-targeted agents may be in part attributable to inhibition of metastatic spread and reseeding. 28 The observation that b4 mediates initial adhesion to microvascular endothelium, before VEGF-mediated disruption of endothelial junctions and exposure of the underlying basement membrane, suggests the existence of an unidentified counter-receptor on endothelial cells. A plausible candidate ligand is CLCA2, a calcium-activated chloride channel protein. Studies by Abdel-Ghany et al. 1 showed that the colonization of the lungs by human breast cancer cells is correlated with cancer cell surface expression of a6b4 integrin and adhesion to CLCA2, which is expressed on the luminal surface of the endothelium lining pulmonary arterioles, capillaries, and venules. b4 binding to CLCA2 may explain the observed~20% adherent tumor cells at the bEnd3 cell bodies during the initial adhesion.
Another interesting observation is that there is a preferential location for tumor cell adhesion to bEnd3 monolayers especially after VEGF treatment. Since a significant portion of the bEnd3 endothelial monolayer is occupied by the junctions of endothelial cells, we performed a calculation to determine the probability of the tumor cells adhering to the junctions for a random distribution of adhesion. Using the same method described in He et al., 17 we first measured the length of the endothelial junctions per unit area of bEnd3 endothelial monolayers by tracing the ZO-1 labeling at b4 Signaling Promotes Tumor Adhesion to Brain Endothelium the endothelial cell borders from 10 images similar to Fig. 10a . The averaged value is 83.4 ± 4.5 mm/mm 2 . If we expand this junction length to a 6.3-lm wide band, which is half of the contact length (diameter) of a tumor cell, the calculated band area is~53% (6.3 lm 9 83.4 mm/mm 2 ) of the total area of the bEnd3 monolayer without the exclusion of the overlap at the tricellular junctions. This calculation indicates that the maximum probability of tumor cells adhering to the junctions by a random process is about 53%. Any value greater than 53% represents a preferential adhesion to the junctions. Even for the initial adhesion, 80% tumor cells adhered to the intercellular junctions. VEGF enhanced tumor cell adhesion to the intercellular junctions, reaching~95% after 1 h treatment (Figs. 9c-9h) . One explanation for this preferential adhesion is that the overexpressed b4 at tumor cells prefers to bind to its ECM ligand, laminin-5, which is exposed at the junctions. Our results (Figs. 10, 11) show that VEGF disrupted integrity of the intercellular junctions to enable more laminin-5 available for binding and thus increase the adhesion at junctions. Another explanation is that there are other cell adhesion molecules at the intercellular junctions, which can bind to b4 or other integrins at tumor cells. Burns et al. 5 found that there are P-selectins disseminating on the borders of cultured endothelial cells, which are responsible for the initial arrest of leukocytes. It is possible that P-selectin is involved in tumor cell adhesion. Another candidate is junctional adhesion molecule (JAM), which distributes at intercellular junctions of endothelial cells and was found to modulate monocyte transmigration. 24 JAM-1, a ligand of the b2 integrin of leukocytes, was involved in transendothelial migration of leukocytes. 29 Santoso et al.
31
reported that the homophilic binding of JAM-C mediates the adhesion of a lung carcinoma cell to endothelial cells (HUVEC). Since JAMs co-distribute with tight junction components at the apical region of the intercellular cleft, 24 they have a location advantage for tumor adhesion if they can bind to receptors at the tumor cells. Future studies will be conducted to examine the role of JAMs in tumor adhesion.
Burns et al. 6 found that neutrophils preferentially migrate across HUVEC monolayers at tricellular corners rather than through the bicellular junctions. In the current study, we found similar preferential adhesion of tumor cells to the tricellular junctions, especially after VEGF treatment. Compared to the control for the same adhesion time, 2 h VEGF treatment induced a 1.4-fold enhancement in the tumor cell adhesion to the tricellular junction of bEnd3 monolayers, no change in the adhesion to the bicellular junctions and 50% decrease in that to the cell bodies (Figs. 9g, 9h) . Preferential adhesion to the tricellular junctions suggests a potential path for tumor cell transmigration (extravasation), which will be investigated in our future research.
In our short-term adhesion, due to the resolution limitation of the optical microscopy, we could not see the direct contact of tumor cells with the underlying basement membrane. Using electron microscopy, Weis et al. 41 found that the VEGF-expressing murine colon carcinoma cell extended its processes between endothelial junctions to directly contact the underlying basement membrane of the lung microvascular endothelium after hours of intravenous injection. Using real-time multiphoton laser scanning microscopy, Kienast et al. 20 revealed the single steps of mouse brain metastasis formation by human lung carcinoma and melanoma cells. They found that in minutes after internal carotid artery injection,~10% of the injected tumor cells were stuck in vessel branches with the vessel diameter the same as that of the tumor cell. However, the extravasating cells could only been detected after day 1. Therefore, to investigate tumor cell adhesion to the underlying basement membrane and further transmigration across the brain microvascular endothelium, we must wait for much longer time than 6 h in the future study.
In conclusion, our results suggest that the b4 integrin plays sequential, adhesive and signaling roles during the initial phase of the metastatic spread of ErbB2-transformed mammary tumor cells. Our observation that b4 enables ErbB2 to upregulate expression of VEGF, which in turn promotes local disruption of endothelial cell junctions, identifies a novel mechanism potentially amenable to therapeutic inhibition.
